Introduction 46
Low back pain affects at least half of the western population and is responsible for high 47 health care expenses every year [1] . Its origin is multifactorial. In cases of mechanical failure, 48 degeneration of the intervertebral disc (IVD) is the initiating event and is associated with high 49 risk of prolapse and herniation [2] . The intervertebral disc, composed of the fibrous annulus 50 fibrosus and the gelatinous nucleus pulposus, ensures mobility of the segments and 51 contributes to spinal stability [3, 4] . As degeneration occurs, the pressure in the dehydrated 52 nucleus decreases, the disc height reduces and the collagen structure is modified, eventually 53 leading to initiation of lesions and protrusions in the annulus due to abnormal load 54 distribution on the endplates [5] . The stability of the segment is then affected by consequent 55 alterations of the neutral zone [1] , range of motion [6] and stiffness [7, 8] . The standard procedure consists of classifying the degeneration into discrete grades, 65 which is unspecific and dependent on the operator's experience. The mechanical properties of 66 a disc can hardly be related to its degenerative level because of the large standard deviations 67 within each grade [6, 16, 17] . In addition, the impact of disc morphology on the 68 biomechanical measurements is rarely considered [18] [19] [20] [21] . 69 fitting using a in-house script from a 3mm thick slice acquired in the centre of the disc using 118 the anatomical data to position the imaging plane (Matlab, Mathworks, Natick, U.S.A.). 119
Prior to the scanning of the specimens, 14 T 2 maps were taken from a test sample while 120 the water temperature in the container was increased from 9°C to 20°C to verify the influence 121 of temperature on T 2 . Then, to assess the stability and repeatability of the procedure, 2 sets of 122 6 T 2 maps were acquired on the test specimen every 30 minutes on two different days (D1, 123 D2 Finally, the 14 samples were scanned. A whole imaging session lasted approximately 2.5 127 hours at controlled temperature (22°C) and the T 2 maps were acquired at the end of each 128 session to limit the influence of temperature (Fig1.). 129
MRI-based morphological parameters 130
A method was introduced to compute the morphological parameters from the anatomical 131 MRI images. First, semi-manual segmentation of the IVD was performed using ITKsnap [34] 132 and the MRI-based morphological data were calculated from the segmented image: 133
The resolution being known, the volume (V) of the disc was calculated by summing the 136 volume of the segmented voxels V i (M voxels per disc). A similar approach was performed 137 on the cross-sectional area A i of voxels of the cross-section of the disc (N voxels per cross-138 section) as well as to compute CSA, J, I xx and I yy using a Python script. To lighten the 139 calculation of the moments of inertia, an in-plane rotation was applied to the segmented 140 image to fit the disc's lateral and antero-posterior diameters to the x and y-axis of the 141 coordinate system of the image. Special care was also taken to relate the moment of inertia 142 calculation to the centroid (x c , y c ) of its cross-section. Finally, the average height (H) of the 143 specimen was determined from the ratio of V over CSA. 144
Apparent intervertebral moduli 145
To measure the stiffness of the samples, non-destructive quasi-static experiments were 146 conducted after the scanning. The specimens were wrapped in 0. or double sigmoid functions on the load-deflection curves [38] . 161 Stiffness (K, N/mm or Nmm/°) was determined from the fitted load-deflection data for all 162 4 biomechanical tests of each specimen as the ratio of the load over the displacement for the 163 same deformation, a 3° angle or 15% strain, to include even the stiffest discs. Finally, 164 normalisation of the stiffness was necessary to limit the influence of a disc's size on its 165 mechanics and properly relate its stiffness to any degenerative alterations. Therefore, the 166 apparent modulus (K N , MPa) was calculated by normalising K by height (H, mm), area 167 (CSA, mm 2 ), polar moment of inertia (J, mm 4 ) or area moment of inertia along the lateral 168 (I xx ) or anteroposterior diameter (I yy ) computed from the voxels of the anatomical T 1 -169 weighted images (Eq1.): 170 Mean T 2 , T OTSU of each region and apparent moduli were established for every loading mode. 192
Results 193
The influence of temperature, the stability and the repeatability of the T 2 maps were 194 checked. Even though the test specimen was scanned for a large span of temperatures (from 9 195 to 20°C), the coefficient of variation (CV) for the T 2 maps of the intervertebral disc was less 196 than 1.7%. At constant temperature, CV dropped to less than 1% and the difference between 197
Day1 and Day2, Δ D1D2 , was less than 4%. This result is coherent with our previous assumption that T OTSU is sensitive to annular 260 disruptions insofar as most HIZ, sometimes associated with low back pain, occur in the 261 posterior annulus [46] . 262
There are limitations to be aware of. Since the intervertebral compliance is dependent on 263 the loading rate and the hydration of the disc, only quasi-static tests were conducted. 264
Additionally, various loading rates would only offset the stiffness measurements [47] . 265 Another limitation was that the posterior elements and surrounding soft tissues, such as 266 muscles and ligaments that are also responsible for the spinal stability were removed. Human 267 material is difficult to obtain, thus the donors were few and the samples old which might 268 explain why the age of the donors was unrelated to T 2 measurements, stiffness or 269 degeneration grade [6, 29] . The specimens were kept frozen, and while a small number of 270 freeze-thaw cycles seem not to affect the flexibility of human spinal segments [48, 49] and 271 the fact that this is the standard storage method, freezing may potentially damage the tissue. 272
Finally, only one axial T 2 map was acquired in the middle of each disc and some out of plane 273 annular features may have been missed. 274
Most of those limitations are inherent to in vitro conditions and cadaver testing, but the 275 stiffness measurements must be performed in vitro in a controlled environment to be reliable. 276
Moreover, not only do countless in vivo MRI studies already exist, but also the link with 277 mechanical properties, fundamental in the understanding of spinal instability, is rarely 278 considered. This is one of the first studies to highlight the relation between quantitative MRI 279 and stiffness of the intervertebral disc. The low but significant correlations between Otsu 280 threshold, classification schemes and mechanical measures might be improved by performing 281 a similar study on fresh animal material; however, this raises the problem of interspecies 282 comparison as no large animal model for disc degeneration exists [50] . One last limitation 283 lies in the fact that, although clinical protocols were performed in this study, a knee coil was 284 used for the imaging to maximise the signal-to-noise ratio. 285
In conclusion, this study shows that the usual classification schemes cannot be related to 286 the stiffness of cadaveric human intervertebral disc, unlike quantitative 
